We demonstrate that -ATP is recognized by some enzymes that are involved in the synthesis of nucleotides and nucleic acids. -ATP, as well as its natural -enantiomer, acts as a phosphate donor in the reaction catalysed by human deoxycytidine kinase, whereas it is not recognized by either enantioselective human thymidine kinase or non-enantioselective herpes virus thymidine kinase. -ATP strongly inhibits (K i 80 µM) the synthesis of RNA primers catalysed by DNA primase associated with human DNA polymerase α, whereas RNA synthesis catalysed by Escherichia coli RNA polymerase is completely unaffected. Moreover, -ATP competitively inhibits ATP-dependent T4 DNA ligase (K i 25 µM), suggesting that it interacts with the ATP-binding site of
INTRODUCTION
Enzymes are thought to be able to bind effectively to only one enantiomer of a chiral substrate. However, some exceptions to this rule have recently been identified among enzymes involved in the synthesis and polymerization of deoxyribonucleotides [1] .
In fact, we have demonstrated that herpes virus [herpes simplex virus (HSV)-1, HSV-2 and pseudorabies virus (PRV)] thymidine kinases (TKs), human mitochondrial TK, cellular deoxycytidine kinase (dCK), human deoxynucleoside mono-and diphosphate kinases, and most cellular and viral DNA polymerases (such as DNA polymerase α, terminal deoxynucleotidyl transferase and, notably, HIV-1 reverse transcriptase) are able to recognize and metabolize -nucleosides or -nucleotides [2] [3] [4] [5] [6] [7] [8] [9] . In particular, HSV TK and human dCK phosphorylate -enantiomers of their natural substrates, thymidine and deoxycytidine respectively, with the same efficiency as the -enantiomers [2, 7] .
The lack of enantioselectivity of HSV TK and human dCK represents the molecular basis for the development of -thymidine and -deoxycytidine analogues as anti-viral and\or anti-cancer drugs [1] [2] [3] 7, 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Indeed, although only one -nucleoside analogue (3TC) has so far gained United States Food and Drug Administration approval for clinical use against HIV-1 [23, 24] , other -enantiomers of nucleoside analogues that have shown anti-viral or anti-cancer activity in cell cultures are currently in clinical trials [1] . Their resistance to enantioselective enzymes such as thymidine phosphorylase [3] , thymidylate synthase [3] , and (deoxy)cytidine and dCMP deaminases [7] , and their lower affinity for mitochondrial TK [6] , might ensure higher selectivity and lower cytotoxicity compared with the corresponding natural -enantiomers, and these properties could be exploited to solve some problems that arise during chemotherapy, such as metabolic inactivation, cytotoxicity and drug resistance.
Abbreviations used : HSV, herpes simplex virus ; PRV, pseudorabies virus ; TK, thymidine kinase ; dCK, deoxycytidine kinase. 1 To whom correspondence should be addressed (e-mail focher!igbe.pv.cnr.it).
the enzyme. Kinetic studies demonstrated that -ATP cannot be used as a cofactor in the ligase-catalysed joining reaction. On the other hand, -AMP is used by T4 DNA ligase to catalyse the reverse reaction, even though a high level of intermediate circular nicked DNA molecules accumulates. Our results suggest that a lack of enantioselectivity of enzymes is more common than was believed a few years ago, and, given the absence of selective constraints against -nucleosides in Nature, this may depend on chance more than on evolutionary strategy.
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From an evolutionary point of view, it is reasonable to find enantioselective enzymes especially when, in their environment, such enzymes encounter racemic substrates and must metabolize only one of them, i.e. the one with biological activity. However, when enzymes need not ' choose ' between enantiomers, for example when metabolism makes available only the correct one, and therefore no selective pressure is present, we might expect that enantioselectivity as a necessary property may not occur in such cases.
In the present work we have studied the enantioselectivity for ATP of some enzymes involved in DNA synthesis, such as human dCK, human DNA primase, Escherichia coli RNA polymerase and T4 DNA ligase, and we demonstrate that the lack of enzymic enantioselectivity is more common than was believed a few years ago. Thus we suggest that the observed enantioselectivity of some enzymes, since it has not been subjected to natural selection, may be only a side property of the enzymes, depending more on chance than on evolutionary strategies.
MATERIALS AND METHODS

Chemicals
Commercially available reagents and solvents (analytical grade) were used unless otherwise stated. -ATP and -AMP were synthesized from enantiomerically pure -adenosine (G. Gosselin, unpublished work ; details available on application to the author) using standard phosphorylation methods. -ATP and -AMP were fully characterized by NMR ("H, $"P), fastatom-bombardment MS and UV spectroscopy ; their purities were ascertained by HPLC. [ 
Herpes virus TK assays
HSV-1, HSV-2 and PRV TKs were purified and assayed as described previously [5, 25, 26] . dCK assay dCK was purified and assayed as described previously [7] , using either -ATP or -ATP (1 mM) as phosphate donor.
E. coli RNA polymerase assay E. coli RNA polymerase was assayed using poly[d(AT)] following the manufacturer's instructions (Boehringer).
DNA primase assay
Human DNA primase, associated with DNA polymerase α, was purified from HeLa cells as described previously for calf thymus DNA polymerase α [27] and assayed in 25 µl of a mixture containing 50 mM Tris\HCl (pH 7.5), 1 mM dithiothreitol, 250 µg\ml BSA, 10 mM MgCl # , 0.5 µg of poly(dT), 10 mM KCl and 50 µM -ATP. After 15 min of incubation at 37 mC, 40 µM [$H]dATP (400 c.p.m.\pmol) and 0.5 unit of E. coli DNA polymerase I (Klenow fragment) were added as the signal amplifier. The reaction was continued for 30 min at the same temperature. At the end, 20 µl was spotted on to GF\C filters (Whatman), which were then washed three times in 5 % (w\v) cold trichloroacetic acid and twice in ethanol. Filters were dried and the acid-precipitable radioactivity was measured in a β-radiation counter.
T4 DNA ligase assays
Adenylation reaction T4 DNA ligase was incubated at 37 mC for 30 min in the presence of [$#P]ATP (400 Ci\mmol) in a reaction mixture containing 50 mM Tris\HCl, pH 7.5, 5 mM MgCl # , 100 µg\ml BSA, 1 mM EDTA and 5 mM dithiothreitol. Under these conditions, [$#P]ATP binds covalently to DNA ligase and becomes acidprecipitable.
Joining activity
This was measured using a method employing poly[d(AT)], as described in [28] .
DNA relaxation
DNA relaxation of supercoiled pUC19 plasmid was performed as described previously [29] .
Electromobility shift assay
The substrate for DNA binding experiments was a doublestranded oligonucleotide containing a single nick. The sequence and the reaction conditions were as described by Rossi et al. [30] . The extent of band shift was visualized by autoradiography of dried gels.
RESULTS
L-ATP acts as phosphate donor for human dCK, but not for HSV TKs
We have recently demonstrated that human dCK and herpes virus TKs are non-enantioselective enzymes, since they phosphorylate β--2h-deoxycytidine and β--2h-deoxythymidine, the enantiomers of their corresponding natural substrates [2, 5, 7] (for a review, see [1] ). From an evolutionary point of view, this lack of enantioselectivity further supports the assumed common evolutionary origin of human dCK and herpes virus TKs [31] .
Here we demonstrate that human dCK lacks enantioselectivity not only for the nucleoside substrate, but also for the phosphate donor. In fact, we found that both -ATP and -ATP, whose structures are shown in Figure 1 , are used with the same efficiency
Figure 1 Stereo-pairs of D-ATP (A) and L-ATP (B)
' O ' indicates the oxygen of the pentofuranosyl ring of 2h-deoxyribose. by human dCK to phosphorylate 2h-deoxycytidine ( Figure 2A ). This is consistent with the recent observation of Tomikawa et al. [20] , who found that -ATP acts as phosphate donor for mouse dCK with an efficiency of 15-30 % compared with the natural substrate -ATP. Surprisingly, the herpes virus TKs (HSV-1, HSV-2 and PRV TKs), the gene sequences of which suggest a common origin with human dCK [31] , are unable to utilize -ATP as a phosphate donor ( Figure 2B ), despite their lack of enantioselectivity for the nucleoside substrate. On the other hand, human cytoplasmic TK is strictly enantioselective for both thymidine [2] and ATP (results not shown).
L-ATP inhibits human DNA primase
DNA primase is responsible for the synthesis of RNA primers on both leading-and lagging-strand DNA during semi-conservative DNA replication [32] . On the lagging strand, RNA primers are elongated by DNA polymerases to synthesize the Okazaki fragments, and are removed by RNase H before the ligation steps. When human DNA primase activity was assayed in the presence of 50 µM -ATP and different concentrations of -ATP, we found that -ATP strongly inhibited RNA primer synthesis, with an IC &! value of 25p2 µM (meanpS.D.) ( Figure  3A ). Since the apparent K m value of DNA primase for -ATP is approx. 150 µM (Figure 3B ), the reported IC &! suggests that the enzyme efficiently recognizes the -enantiomer of ATP. To determine the mechanism of inhibition by -ATP of DNA primase, increasing inhibitor concentrations were tested at different substrate (-ATP) concentrations. The LineweaverBurk plot reporting the results of this experiment ( Figure 3B ) demonstrates that -ATP inhibits mammalian DNA primase by a competitive mechanism (K i 80p5 µM). This enzymic behaviour indicates that the active site of the enzyme is non-enantioselective, being able to recognize both enantiomers of ATP with comparable efficiency. In contrast, E. coli RNA polymerase, which, like DNA primase, synthesizes RNA chains utilizing ATP as a substrate, is strictly enantioselective and does not recognize -ATP at all (results not shown).
Effects of L-ATP and L-AMP on T4 DNA ligase reactions
The DNA ligase encoded by bacteriophage T4 is the most representative of the ATP-dependent DNA ligases [32] . phosphorylated 5h-end of the nick to produce an inverted (5h)-(5h) pyrophosphate bridge structure ; and (iii) catalysis of the transesterification reaction, resulting in joining of the nick and release of free AMP. The first intermediate of the ligation reaction, namely the enzyme-AMP adduct, can be easily isolated by omitting the DNA substrate from the reaction mixture. When we analysed the ability of -ATP to affect enzyme adenylation in the absence of DNA, we found that -ATP inhibited the adenylation reaction of T4 DNA ligase with an estimated IC &! value of 4.2p 0.1 µM, indicating that -ATP can interact with the enzyme ( Figure 4A ). The exponential curve suggests that -ATP is not only an inhibitor of the adenylation step, but also a substrate ; in fact it decreases both the utilization of labelled -ATP and the number of free enzyme molecules that can react with the natural substrate.
Although it is able to adenylate the enzyme, -ATP is not effective as a cofactor in the joining reaction of poly[d(AT)] ( Figure 4B ). However, it competitively inhibits the -ATPdependent joining reaction, with an estimated K i value of 24p1 µM ( Figure 4C) .
We have demonstrated previously that T4 DNA ligase can form two different kinds of complex with DNA, depending on its adenylation state : a stable complex (S-complex) in the absence of ATP and a transient complex (T-complex) in the presence of ATP [30] . This behaviour seems to be due to a conformational change in the enzyme that occurs as a consequence of ATP binding [33] . Other cofactors, such as dATP or S-ATP, although ineffective in the joining reaction [34] , can affect the stability of the DNA binding of T4 DNA ligase [30] . The DNA-enzyme complex is sufficiently stable to allow DNA retardation in a electromobility-shift assay only in the absence of ATP. Therefore we tested -ATP in comparison with -ATP in this assay. As shown in Figure 5 , no band retardation occurred in the presence of -ATP, indicating that -ATP was able to modulate the binding of DNA ligase to DNA in the same manner as the natural cofactor, -ATP. This result further supports the suggestion that -ATP can perform the adenylation step of the enzyme reaction.
An additional interesting activity of T4 DNA ligase concerns the so-called ' reverse reaction ', namely the AMP-dependent relaxation of supercoiled DNA [35] . DNA relaxation occurs through a nicking\closing mechanism and results in a progressive decrease in superhelical turns, according to a rather processive mode of action [35] . We analysed the ability of T4 DNA ligase to use -AMP in the relaxation reaction. As shown in Figure 6 , in the presence of -AMP a significant amount of nicked circular DNA accumulated as a reaction product, indicating that the nicking\closing reaction is largely impaired. In particular, the ability to reseal the nick seems most affected.
From these experiments, it appears that T4 DNA ligase can recognize and bind -ATP, but that the catalytic activity of the enzyme is inhibited.
DISCUSSION
The enantioselectivity of enzymes, namely their property of recognizing and metabolizing only one of the two enantiomers of chiral molecules, is related to the chiral structure of the enzymes, reflecting the three-dimensional folding of the polypeptide backbone and the orientation of the amino-acid side chains in the folded molecule. Because of the chirality of amino acids (), the chemistry of life should be highly sensitive to different enantiomers of chiral substrates. However, since the emergence of enzymic behaviour depends on natural selection that favours binding of the enantiomer with the better fit, we propose that enantioselectivity could have been very important at the origin of life, when different choices were possible. But now, in a world consisting only of -nucleosides and -amino acids, enantioselectivity may be purely a side property and not a vital property. For instance, in the case of HSV-1 TK [2] and human dCK [7, 20] , enzymes that phosphorylate -nucleosides but require no enantioselectivity (since the environment does not provide -nucleosides), the enzymes need not be enantioselective at all. It is noteworthy that, although they are genetically related enzymes, HSV TKs and human dCK [31] show different behaviour : HSV TKs are non-enantioselective only with respect to the substrate, whereas human dCK is non-enantioselective for both the substrate and the phosphate donor. In the present work we have also demonstrated that other enzymes, such as human DNA primase, E. coli RNA polymerase and T4 DNA ligase, which use the same substrates (DNA and ribonucleoside triphosphate), show completely different stereoselective behaviours with respect to ATP recognition.
From a structural point of view, these findings could be interpreted by an extension of Koshland's ' induced fit ' theory of enzyme activity (which introduced the concept of enzyme flexibility, describing the mutual fitting of the interacting partners using the ' hand-in-glove ' metaphor [36] ). In fact, in our case the interactions of -and -enantiomers with a particular nonenantioselective enzyme, rather than fitting the ' hand-inglove ' metaphor, could be better represented by a ' hand-inmitten ' metaphor [37] , in which the thumb would be the amino-acid pocket interacting with the adenine moiety of ATP, while the rest of the mitten would fit the sugar triphosphate moiety equally well as a right or a left hand.
Our findings suggest that enantioselectivity, probably required at the origin of life when both enantiomers of the substrate could have been present in the primordial ' soup ', is now more dependent on chance than on pressing evolutionary strategies. Certain enzymes either may have evolved after enantiomeric substrates predominated, in which case enantioselectivity was unnecessary, or may have lost enantioselectivity through otherwise conservative mutations that permit less strict substrate binding. Therefore enantioselectivity of enzymes metabolizing chiral substrates could be considered as an incidental property or a vestigial property which is maintained as far as its linkage with other essential enzymic properties is maintained. Of course, enantioselectivity is strictly required for enzymes that specifically create chiral centres, and synthesize only one of the two possible chiral products.
In conclusion, our present study shows that the enantioselectivity of enzymes is less common than was believed a few years ago. In the field of nucleotide and nucleic acid biosyntheses, for instance, several non-enantioselective enzymes and enzymes with relaxed enantioselectivity have been identified ; not only nucleoside kinases, DNA polymerases, terminal transferase and viral reverse transcriptases [1] , but also DNA ligases and DNA primases are able to recognize in their active site the -enantiomer of the natural substrate (-ATP). On the basis of these findings, non-enantioselective enzymes could in some cases be potential targets of -nucleoside analogues for anti-cancer and anti-viral chemotherapy [1] , since these drugs could find the target enzymes highly indifferent to chiral choices.
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